Abstract. The bearing capacity of subsoils is particularly important due to the intensive development of road and airfield pavements. Subgrade is classified due to frost susceptibility as non-frost-susceptible, low-frost-susceptible or frost-susceptible. Presented research included laboratory tests of low-frost-susceptible soils with limited potential for direct use. The main objective of this paper was focused on the study of changes of compactibility parameters and the CBR (Californian Bearing Ratio) values of silty sand (Pπ). For this purpose, seventeen soil samples with various fine fractions content (of 1.6% to 24.2%), were composed. Laboratory tests, based on soaked soil samples, encompassed the Proctor Compaction test and the CBR test. Additionally, measurements of moisture content in soaked soil samples before and after the penetration test and the displacement of annular surcharge rings while penetration test, were performed. Obtained results allowed for conclusions that penetration curves diverge from the standard curve locally, therefore direct reading of the CBR values from the penetration curves may lead to its significant overstatement. There was also noticed the dependence between the water flow in the soil and the fine fraction content. The research recognized the need for pressure measurement in soil samples during the penetration test.
Introduction
Due to the development of road infrastructure in Poland planned communication routes often pass through areas, where subgrade has limited potential for direct use. One of commonly used test to determine the bearing capacity of the subgrade for road and airfield pavements is the Californian Bearing Ratio (CBR). Mentioned test was created in the United States Army Corps of Engineers and its development continues to this day, as evidenced by the new research programs concerning the CBR test (Gonzalez, Barker, & Bianchini, 2012; Kodikara, Islam, & Sountharajah, 2018) . The CBR test was previously used to determine the bearing capacity of the road subgrade in the USA (ASTM International, 2007) ; however it was applied to the canon of research in Poland in slightly modified form. The scope of adaptation of the CBR method to national conditions is specified in the PN-S-02205:1998 standard (Polski Komitet Normalizacyjny, 1998) . The designers in Poland often use the Catalogue of Typical Flexible and Semi-rigid Pavements for the dimensioning of road pavement structures (Generalny Dyrektor Dróg Krajowych, 2014; Rozporządzenie Ministra Transportu i Gospodarki Morskiej, 1999) . According to the Catalogue the dimensioning and the selection of the corresponding pavement structure of flexible and semi-rigid pavements is based on the calculation algorithm that takes into account ground and water conditions and traffic classification (Chmielewski & Waliszewski, 2016) .
The Catalogue (Generalny Dyrektor Dróg Krajowych, 2014) defines four different subgrade bearing capacity groups: from G1 (load-bearing subgrade) to G4 (nonload-bearing subgrade). Mentioned groups depend on water conditions, type of soil underneath the construction layers and load bearing capacity parameters based on the CBR value. Classification of the water conditions of the subgrade of the pavement structure is based on determination of the road body characteristics (excavation/embankment), type of shoulders (hardened/unpaved) and the level of the groundwater table. Subgrade soil is classified due to frost susceptibility (non-frost-susceptible, low-frostsusceptible soil, frost-susceptible). If the subgrade, that is made up of low-frost-susceptible soils is under unfavorable conditions, such as irrigation, snowmelts, etc., the soil can be non-load-bearing. In this case the CBR test should be always conducted. The final subgrade bearing capacity group should be assumed based on comparison of the group determined directly from the Californian Bearing Ratio test and the group evaluated according to the assessment of frost susceptibility of soil and water conditions. This comparison allows selecting a reliable group that is the lower of the compared ones (Chmielewski & Waliszewski, 2016; ASTM International, 2007) . Therefore, if the water conditions are good and the CBR value is greater than 10%, it is possible to classify low-frost-susceptible soil into G1 group. On the other hand, if the CBR value is less than 10%, the soil should by classified into G2 group or lower, which indicates the need to strengthen the "weak subgrade". Many authors point to the problem of performance period and life span of pavements, that result directly from the strength characteristics of the pavements, which are influenced by material properties (i.e. fine fraction content) (Osouli, Othmanawny, Tutumluer, Beshears, & Shoup, 2018; Osouli, Chaulagai, Tutumuler, & Shoup, 2019) .
Presented research, as well as carried out laboratory tests, were focused on the study of changes of the compactibility parameters and CBR values of silty sand (Pπ), which according to the Catalogue (Generalny Dyrektor Dróg Krajowych, 2014 ) is classified as low-frost-susceptible soil.
Materials and methods

Materials
In the study, samples composed by mixing different soils were used. Mentioned mixing allowed to obtain soil samples with different content of fine fractions, understood as the sum of silty and clay fraction (with a diameter below 0.063 mm, f π + f i ). Specific gravity of all soil samples, that were composed, was 2.65 g/cm 3 . Thereby, a wide range of non-cohesive soils with a fine fraction content of 1.6% to 24.2% were obtained. Similar approach was presented in other research (Pilegis, Gardner, & Lark, 2016; Matsumura & Tatsuoka, 2018) . The grain-size analysis was performed using the wet sieving method supported by the aerometric method that allowed supplementing the graining curve for fine fractions. The graining for each soil composition was tested both before and after the CBR test. The differences in the content of fine fractions below 0.1% were obtained. In Figure 1 average values of these measurements were presented. The tests were carried out on seventeen different soil samples. The course of grain curves of all composed soil samples was similar; therefore both values of coefficient of uniformity and coefficient of curvature for all soils amounted to about 3 and 1, respectively. To ensure readability of graphs, in the Figure 1 the grading curves of selected five samples are presented.
To improve identification of individual of the examined soils, the names assigned to them in further parts of the article, were related to the contents of fine fractions f π + f i .
Methods
The analysis for each soil was carried out for soaked samples in accordance to the Standards (Polski Komitet Normalizacyjny, 1998). All of composed soil samples were compacted using the standard Proctor compaction test. After preparation these samples were subject to four-day saturation in a soaking tank. Then according to mentioned Standards, the soil samples were subjected to the one point CBR test with 4.5 kg surcharge weight. The results of previously conducted studies are presented in paper (Chmielewski & Waliszewski, 2016) , as well as the results of researches of other authors (Bednarek & Mazurek, 2011; Khillare, Damgir, & Hake, 2016; Fattah, Joni, & AlDulaimy, 2016; Hossain, Islam, & Rakib, 2016; Thakur & Yadav, 2018) show that obtained penetration curves diverge from the standard curve locally. The results of these studies indicate that mentioned deviations occur most frequently for indentation close to reference penetration values which are 2.5 and 5.0 mm. Direct reading of the CBR values from the penetration curves may lead to its significant overstatement, therefore it is necessary to correct them (Chmielewski & Waliszewski, 2016; Bednarek & Mazurek, 2011) .
During the CBR test for each soil sample that differs in the fine fraction content measurements of additional features of tested soils were performed. One of them was measurements of moisture distribution in soaked soil samples before and after the penetration test. For this purpose, two samples were prepared, for each of tested soil. The distribution of measuring points in cross-section of the sample is shown in Figure 2 .
Moisture measurements, that was made by the drying method, were performed on samples taken from the same points of cross-section (in further parts of the article assigned as w 1 -w 10 -compare Figure 2 ), for all seventeen soil compositions. Proper distribution of the measurement points is crucial for the interpretation of the moisture changes. Therefore, the first three points (1-3) were located on the side of the soil samples, the next two (4-5) -in the middle, between the side and the central axis of the sample. Points no. 6-8 were located in the central axis of the cross-section of the sample. The last two points (no. 9 and 10) were placed near to the top surface of the sample. The location of the last two measuring points is associated with a formation of truncated cone after the penetration test -see Figure 3 .
The measurements of the displacement of the annular surcharge rings during the penetration test were another of established parameters. The location of the additional displacement sensor is shown in Figure 4 .
The displacements of the annular surcharge rings were continuously measured during the penetration test.
Results
The compactibility parameters (MDD and OMC) were determined in the standard Proctor compaction test that according to the standard (Polski Komitet Normalizacyjny, 1998) was performed by method I (normal method). The following physical characteristics have been determined for all of tested soil samples:
-optimum moisture content (OMC); -maximum dry density (MDD); -porosity index (PI); -moisture content of fully saturated soil w sat ; -degree of saturation at the optimum moisture content S rwopt . The results are presented in Table 1 . Conducted research, as well as analysis performed by other authors, point to some regularities in changes of the compactibility parameters of tested soil samples (Sulewska & Tymosiak, 2018; Gupta & Thomas, 2013; Wright, Walden, Sangha, & Langdon, 1996; Zhemchuzhnikov, Ghavami, & Casagrande, 2016; Roy, 2013) . Mentioned changes depending on the content of fines and sands in testes soil are clearly visible (Satyaveni, Sridevi, Sivanarayana, & Prasad, 2018) . The influence of the content of fine fraction on the performance of a soil is particularly emphasized (Cabalar & Mustafa, 2017) . Th e increase of the fine fraction content (on the following graphs, called as f π + f i ) results in maximum dry density (MDD) enhancement, while the amount of water, needed to obtain optimum moisture content, decreases (Habasimibi & Nishimura, 2018; Gadzama, Yohanna, Wadai, Nwaiwu, & Malachy, 2018) . Laboratory tests, that were carried out have shown that further enhancement of the content of fine fractions, when the maximum soil compaction have been reached, contribute to the increase of the amount of water in the soil sample, that is necessary to obtain the optimal moisture content (OMC), while the dry density decreases (MDD) -see Figures 5 and 6. Non-linear dependence between the compactibility parameters (the maximum dry density and optimum moisture content), that were obtained in the Proctor Compaction and the fine fraction content was also confirmed by many papers regarding both natural and stabilized soils (Hossain et al., 2016; Sulewska & Tymosiak, 2018; Gupta & Thomas, 2013; Wright et al., 1996; Zhemchuzhnikov et al., 2016; Osouli, Salam, Tutumluer, & Shoup, 2017 ). This clear relationship developed between the compactibility parameters and the CBR value causes that numerous scientific studies attempt to predict the CBR value based on Maximum Dry Density (MDD), Optimum Moisture Content (OMC), the content of sand, clay or silt fractions (Sreelekshmypillai & Vinod, 2017; Katte, Mfoyet, Manefouet, Wouatong, & Bezeng, 2019) .
The changes of soil compactibility depending on the content of fine fractions are shown in Figure 7 .
Soil moisture measurements in the cross -section of the samples were performed with oven drying method, with a weighing accuracy to 0.01 mm, that corresponds to the accuracy of determined moisture content of 0.05%. In Table 2 the changes of the moisture content values in the soaked soil samples are presented. Mentioned changes were observed in points no. 2, 4 and 7 (compare to Figure 2) in the soil samples, that have not been subjected to the penetration test.
Based on the results of the measurements, regularities of the water flow patterns in the soil depending on the content of fine fraction were observed (Thakur & Yadav, 2018; Habasimibi & Nishimura, 2018; Yin, Zhang, Jiang, & Huang, 2018; Salam, Osouli, & Tutumluer, 2018) . The first of analyzed dependences is the correlation between the increase of the moisture in the middle of the sample (moisture in measurement point no. 7, w 7 ) and the optimum moisture content (OMC) for which the sample was compacted. Analysis of the results of optimum moisture content allowed distinguishing several characteristic groups of soils. The highest increase of the moisture content (about 2%) was observed in case of soils with fine fraction content of about 6%. The next group is made up of soils with the fine fraction content from 6% to 17%, where the increase in moisture content is 0.5÷1.0%. Soils with the highest content of fine fractions show a fairly distinct increasing tendency of the moisture content. Mentioned trend of the change in the moisture content is presented in Figure 8 . Based on data presented on the graph (Figure 8 ), it can be noticed that the water flow in soil with average fine fractions content, is the most difficult (Yin et al., 2018) . Analysis of the displacement of annular surcharge rings also allowed to define several regularities -up to the penetra- tion depth of about 3.0 mm, due to the densification of the testes soils, the annular surcharge rings moves downwards that proves the compacting of the soils. The dependence between the maximum value of subsidence (v down ) and the fine fraction content is shown in Figure 9 . In case of soils with low fine fraction content, pressing the piston up to 2.5 mm results in displacements of annular surcharge rings with positive values, i.e. the annular surcharge rings are uplifted. Along with the increase of the fine fraction content the displacements (v 2,5 ) are getting smaller, this leads to the conclusion that the phenomenon of soil densification proceed in larger penetration depth achieved during the CBR test -see Figure 10 .
An approximation of the standard curve allowed to take into account a local increase in the CBR values on the measurement graph. The penetration test curve was approximated by the fourth degree polynomial, for which the coefficient of determination for standard curve is R 2 = 1 (Chmielewski & Waliszewski, 2016 ). An almost linear correlation between the fine fraction content and the CBR values can be noticed. This is particularly apparent for CBR cor (the corrected CBR value) values, that have been corrected -see Figure 11 .
The graph above shows the difference between the CBR values obtained from the measurements and corrected CBR values (in further parts of the paper called as CBR cor ). The smallest difference (5.12%) was observed in case of soils with the fine fraction content of 5.7% (f π + f i = 5,7%) and the largest -15.45% was observed for soils with the fine fraction of 12.0%. The results of the CBR test are presented in Figure 12 , where the measurement curves are marked with the blue line and the violet one presents graphs of corrected values. Similar curve shape (of uncorrected CBR values) was presented in many papers (Bednarek & Mazurek, 2011; Khillare et al., 2016; Fattah et al., 2016; Hossain et al., 2016; Zhemchuzhnikov et al., 2016) . Polski Komitet Normalizacyjny, 1998 ) the moisture of the soil on the side of the sample (w 2 ) is higher than in the middle (w 7 ). This phenomenon can be noticed at the remaining measuring points. The moisture of the soil at the side of the sample is clearly higher than in the middle, while the highest moisture content is obtained at the point w 3 . It can be observed that moisture trend line characteristic to the axis of the sample (w 7 ) and in the middle of it (w 4 ) are close to each other, while the moisture content trend line characteristic to the side of the sample (w 2 ) is clearly moved away. Although the moisture trend lines w 4 and w 7 are similar, it can be seen that in its middle the distance between them is the highest. That confirms the thesis regarding the impeded flow of water in the tested soils with the average fine fraction content. The comparison of the moisture changes in the tested soil samples before and after the penetration test, allows for the conclusions that the moisture content at the edge of the soil sample (w 2 ) is significantly reduced in the case of soils with smaller fine fraction contents. Along with the increase of amount of the fine fraction, the moisture content w 7 CBR measured after the penetration test ceases to decrease and for the fine fraction content greater than 15% (f π + f i > 15%) the moisture content starts to increase. The comparison of the moisture content in the middle of the soil sample (w 7 ) before and after the penetration test shows that this phenomenon is the most evident for the average fine fraction content -see Figure 14 . Figure 15 shows the dependence between an average displacement of annular surcharge ring and the indentation of the piston during the penetration test v CBR . The comparison of the volume of pressed piston and the increase of the volume of the soil sample shows that during the penetration above 7.5 mm, the volume of the piston is about twice as small. This indicates, that the volume of the soil sample during the CBR test increases, thus the soil loosening is observed. This phenomenon is the result of the water flow inside the soil sample (Roy, 2013; Habasimibi & Nishimura, 2018) . In all of the testes soil samples, regardless of the fine fraction content, a significant increase of the moisture content at points number 9 and 10 (compare to Figure 2) were notable. This indicated the upward water flow during the penetration into the soil.
Conclusions
The detailed analysis of compactibility and CBR values was performed for soils classified as low-frost-susceptible soils. The soil samples were composed to obtain various fine fraction content. It can be noticed that the maximum dry density and optimum moisture content obtained in the Proctor Compaction test are changing in non-linear way along with the changes of the fine fraction content. Laboratory tests of the CBR value showed that tested soils, as opposed to the other soil subjected to the CBR test do not exhibit classic load capacity characteristics. This applies to the shape of the load -penetration curve in particular. It is clearly visible that the penetration curve deviates from the standard curve shape at various depths. Curve correction with the fourth degree polynomial was used to interpret the CBR value. It was also claimed that interpretation of the results according to the PN-EN standards (Polski Komitet Normalizacyjny, 1998 ) may involve the risk of large errors. According to the point 10.1.3, if the curve is concave upwards, it is recommended to correct with tangent to the point of inflection, as it is presented in Figure 1 of mentioned standards. Nevertheless, the curve may have a break in the initial section, which usually can be an apparatus error or the effect of surface irregularities. Additionally it should be noted that carrying out measurement to penetration depth of 12.5 mm is advisable due to the possibility of more accurate correction of obtained CBR values. Corrected CBR value increases along with the increase of fine fraction content (f π + f i ). This dependence can be described by the linear equation. Therefore, in research presented in this paper, the penetrations test was carried out to a depth of 15.0 mm. In further studies of low-frost-susceptible soils, an additional sensor to measure pressure changes during the penetration test will be installed. These tests are aimed to find dependence between the measured pressure value and the moisture in the sample cross-section.
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